Cluster observations have recently confirmed previous ISEE and Geotail observations showing that the magnetotail current sheet can present a bifurcated structure with two off-centre current peaks. We show in this paper that such a structure can be described by a kinetic tangential equilibrium which is an exact solution of the Vlasov-Maxwell equations. A tangential equilibrium is characterized by a bulk plasma velocity and magnetic field perpendicular to the density and/or temperature gradient direction. The particle distribution functions are sums of an infinite number of elementary functions parametrized by a vector potential. The model is consistent with Cluster observations of a plasma density plateau between the current peaks and the typical size and amplitude of the current distribution. We briefly review existing models and propose some studies which could be carried out with our model.
Introduction
The structure of the tail of the Earth magnetosphere has attracted much attention both on the theoretical and observational points of view. Since the first analytical work by Harris (1962) our view of the tail has changed a lot. Indeed in this pioneering study the plasma/magnetic equilibrium is described by elementary functions (for the magnetic field and density) in a 1D configuration. Birn et al. (1975) have included a second dimension to account for non vanishing magnetic component across the sheet which induces particle exchanges between the upper and lower regions of the sheet. However the description of the sheet made a step forward thanks to spacecraft observations in particular regarding thin current sheet (TCS). Recently it was revealed that the location of strong magnetic variations could be separated in two distinct regions instead of a single layer concentrating the electric current of the TCS. This configuration is at odds with the initial Harris-like shape and has been termed bifurcated current sheet, hereafter BCS. They have initially been observed by ISSE (Sergeev et al. , 1993) and in the distant tail by Geotail (Hoshino et al. , 1996) , and this result has been corroborated by several Cluster observations which have revealed most their characteristics (Nakamura et al. , 2002; Runov et al. , 2003a,b; Sergeev et al. , 2003) . Their generation process remains unclear but they are associated with the activation of substorms. If it seems, schematically, rather straightforward to associate them with magnetic reconnection, a closer look is not so categorical. Runov et al. (2003a) and Sergeev et al. (2003) cannot find any evidence of reconnection whereas Runov et al. (2003b) observes a distinct quadrupolar magnetic field component linked to reconnection. Observationally, the BCS presents two peaks in the electric current with a region of weak magnetic field in the middle. The associated density profile plateaus in the centre of the sheet with sharp boundaries towards the lobe regions. Regarding current carriers, simulations by Sitnov et al. (2003) tend to show that electron should play a major role in the centre of the sheet whereas ion dominate elsewhere.
Following studies devoted to the usual single-humped sheet it has been tempting to model analytically these BCS. Basically, this has been achieved by modifying the single current approach. The ability to cope with new configuration proved the robustness and the generality of the early works. The present paper follows this line in the sense that we extend the work of Harris (1962) , Channell (1976) and Mottez (2003) to present a 1D kinetic model with B n = 0. Kinetic TCS models with B n = 0 have been developed (Sitnov et al. , 2000) and modified to account for the current bifurcation (Sitnov et al. , 2003) . For a more extensive description of TCS models see Zelenyi et al. (2002) .
The general outline of the paper is the following: in section 2 we develop the basic equations of the model (summing up the theory described in Mottez (2003) ) and in section 3 we specify the parameters leading to the formation of the BCS. In section 4 we confront our model with Cluster data and in section 5 comparison with other existing models is presented.
Equations of the model
Mottez (2003) gives a general framework to construct kinetic tangential equilibria in which the bulk plasma velocity and magnetic field are perpendicular to the density and/or temperature gradient direction. The motivation behind this work was to establish an analytical model of equilibrium for the small scale density cavities observed in auroral zones. The role of such cavities in particle acceleration (among other processes) has been investigated in simulation works by Génot et al. (2000) who also predicted the stability of these structures. The equilibria are based on distribution functions which are products of a Maxwellian and an arbitrary function g of p y , the generalized momentum (see also Schindler and Birn (2002) where modified Maxwellian functions are used to describe TCS equilibria). The basic idea is to decompose g linearly over a set of elementary distribution functions which correspond to an analytical equilibrium solution. A mono-dimensional geometry is chosen ∇ = (d x , 0, 0) and
Note that these notations are consistent with Mottez (2003) ; they differ from the ones associated to GSE or GSM frame generally used in magnetotail studies. To get a kinetic equilibrium, the Vlasov-Maxwell set of equations needs to be solved. Any distribution of the form f = f (E, p y , p z ) is a solution of the Vlasov equation with E the energy and p y = mv y + qA y . We solve the charge neutrality equation n e = n i and impose a null electric field. Finally the Maxwell equations reduces to the Ampère equation:
J y can be expressed as a function of A y when the distribution function is completely explicit. This gives the Grad-Shafranov equation which can be solved for A y (or x).
The modified Maxwellian f , parametrized by the vector potential a, is of the form (v
with
The functions n g , η and ν are defined almost arbitrarily (only η > 0 is necessary) and provide degrees of freedom to control the equilibrium, i.e. the density and magnetic field profiles. a 1 and a 2 may be finite or not. Harris-like solutions are recovered for n g = 1, η = 0. Furthermore we allow the temperature to vary: α z = m/2T z and α ⊥ = m/2T ⊥ ; this is particularly useful in the auroral density cavity context but is less so in the tail as the temperature is mostly constant (see Figures 1 and 2 ). Therefore, integrating v y f over v x and v z gives the following expression for J y :
which can be simplified in (n a = dv x dv y dv z f )
From this expression we see that the contribution of each species to the total current is directly proportional to the temperature (at least in the isothermal case). This shows that this type of model applied in the magnetotail will not be able to reproduce electron current dominated processes as the ion temperature is usually higher in this region.
The last step in the calculation is to integrate Ampère equation. This is achieved by variable separation and, for a given vector potential domain, one can solve for the position across the sheet:
The sign of the magnetic field is given by s = ±1, C is an integration constant equal to the square of the magnetic field value in the lobes, and the functions k, ξ and δ are combinations of n g , η, ν and ion and electron temperatures (see Mottez (2003) for details).
This integral is computed numerically. From the knowledge of x(A y ), one can derive directly B z (x) and J y (x) or use explicit formula (like Equation 4 for J y ). In the following section we set the correct parameters necessary to obtain a BCS. This generalization of the early works of Harris (1962) and Channell (1976) shows that a wide variety of solutions satisfying the Vlasov-Maxwell set of equations can be constructed. It is clear that our present method could be extended and that other free parameters could be added to the distribution function. A given set of quantities derived from observations could therefore always be fitted by more than one modeled distribution functions. The nonuniqueness of the solution is inherent to this kinetic description and cannot be escaped unless constraints are directly applied on the distribution functions (like on the temperature anisotropy; see below for a discussion related to this topic).
Obtaining a bifurcated sheet
The choice of an adequate set of parameters and functions leads to BCS profiles. We chose a Gaussian profile for n g whose scale in the vector potential space controls the size of the BCS (In Harris' and Channell's model n g = 1). For ν = 0 a BCS with a vanishing current in the centre is obtained; then for decreasing (negative) ν the minimum value of the current in the centre increases and the two peaks get closer from each other until they merge in a single peak. The solution is then closely equivalent to a Harris solution. For increasing (positive) ν the solution has a local minimum with B < 0 at X > 0 which gives peculiar profiles that we are not investigating in the present work. The variation of η gives another monitoring of the shape of the magnetic profile: it acts on the size of the current sheet L (roughly,
Once the functions of the potential vector a are set, together with the integral limits a 1 and a 2 , it then possible to reconstruct the total distribution function. However no special features are to be expected : the temperature anisotropy is not modified across the discontinuity as the parallel temperature does not intervene in the calculation. This is indeed a particularity of the model that the anisotropy is not a controlling parameter like in other models (see section 5). In fact, only the peak values of the distribution functions are affected by the potential vector-dependent functions (and particularly n g ). In the case of the BCS we shall find that the distribution functions have a maximum value in the centre of the sheet whereas the minima are found on the sides (in agreement with the expected variations of the density). In conclusion, varying A y or the position along the discontinuity only induces a scaling of the distribution function and does not affect the overall shape (no cooling/heating).
Comparison model/data
We use CLUSTER observations of BCS described in two different papers: the 29/08/01 event (Runov et al. , 2003a) and the 26/09/01 event (Sergeev et al. , 2003) both occurring during substorms. The data are displayed in Figure 1 (12 min of data) and Figure 2 (20 min of data) : the upper stack panel shows the B x component of the magnetic field from FGM, the proton density n p and the proton temperature T from CIS, both for S/C 1 and 3 (S/C 2 and 4 signatures are close to S/C 1 in both events). The lower panel shows n p and T ordered by B x . In both Figures, the beginning of the interval starts in the lobe region (very low density values) before the entry in the central plasma sheet.
In Runov et al. (2003a) a wide region (∼2000 km) of weak magnetic field (<2 nT seen by all 4 S/C) extends above z = 0; above it, is superimposed a region of relatively strong current (∼ 5 − 10 nA/m 2 ) and a symmetric counterpart is suspected. The nature of the global oscillation of the sheet (kink or sausage) remains unclear. Sergeev et al. (2003) uses three different methods to infer the existence of the bifurcation and obtain a similar picture to Runov et al. (2003a) . They show that the current peaks where |B x | ∼ 0.5B lobe with a minimum current about 2-3 times smaller than the peak value. We summarize in the following table the observed physical parameters which constrain our model in each case. Uniform temperature is used. To model the BCS we chose ν = 0 in both cases and η = 3.10 −19 s 2 /m 2 in the first case and η = 7.10 −19 s 2 /m 2 in the second case. The results for the modeled profiles of the magnetic field, the electric current and the density are displayed on Figures 3 and 4 (half sheet is shown, the density and current being symmetric, the magnetic field being anti-symmetric). The general trend of these profiles fits the observations: the centre of the sheet is a region of weak magnetic field and almost constant density; the electric current is also low, but peaks at a fraction of one R E . Runov et al. (2003a) determined that J max ≃ 7 nA/m 2 and that the scale of the weak uniform field region (B < 2 nT) is on the order of the spacecraft separation : 2000 km or 0.31 R E . According to Sergeev et al. (2003) J max ≃ 20 nA/m 2 , the average half-thickness of the sheet is 2300 km or 0.36 R E , the thickness of concentrated current is ∼ 500-1000 km or ∼ 0.1 R E , and the current peaks where B x ≃ 0.5B lobe . These features are closely reproduced on Figures 3 and 4 . The model generally gives slightly higher values of the current than those estimated from the observations (using the curlometre technique for instance). On the contrary the observed density in the centre of the sheet is larger than the modeled one. However the measures may be questionable in very low density regions, and the plasma may not obey strictly this kinetic equilibrium. Indeed, if the peak value of the current can be slightly adjusted by varying the model parameters, this is not the case of the density in the central region. This value is inherent to the equilibrium set by the lobe values of the density and magnetic field.
Discussion
In our model the magnetic pressure is balanced by the kinetic pressure. This differs from Sitnov et al. (2000 Sitnov et al. ( , 2003 ; Zelenyi et al. (2002) in which the magnetic tension is balanced by the finite inertia of ions having meander motion as described by Speiser (1965) . These TCS are known as forced current sheets. Their associated models rely on the quasi-adiabaticity in the sense that the solution to Vlasov-Maxwell system of equations is not based on the conservation of the energy but instead uses the quasi-adiabatic invariant of motion, I z ∝ m v z dz. In Zelenyi et al. (2002) , the competition between trapped and transient ion orbit provides the source of the bifurcation. A major difference between our model and Sitnov et al. (2003) 's is that this last model requires positive ion temperature anisotropy (T i⊥ > T i// ) to exhibit BCS solutions. For the two BCS events exposed here T i⊥ is slightly smaller or equal to T i// (not shown) which would not lead to a BCS solution, at odds with observations. However, in this region, as the temperature measurements are not reliable to more than ∼20%, it is not clear whether or not anisotropy takes place. Sitnov et al. (2003) 's model predicts BCS solution for T i⊥ /T i// > 1.1 which is exactly within the error bar. Our model provides the advantage of quick, easily parametrizable and non-normalized solutions which can directly be used to fit data. Let us note that Sitnov et al. (2003) 's model is still valid for B n = 0, as long as B n ≪ B 0 .
On the simulation side, if BCS are studied it is more as a by-product of reconnection or turbulence mechanisms than for their own generation process. Recently, Greco et al. (2002) have shown that current splitting could form as a result of ion scattering due to magnetic turbulence; they also show how the normal magnetic component limits the splitting, in competition with the turbulence. These simulations rely on test particles in imposed electromagnetic field, but in the centre of the sheet the rather dense, hot ions may in turn modify the magnetic structure. Asano (2001) ; Asano et al. (2003) have reported further evidence of current bifurcation, in the Geotail context, and developed a qualitative 2D model of BCS which takes into account the Hall currents system. They confirmed kinetic and MHD simulation studies by Arzner and Scholer (2001) . With recent 3D kinetic simulation results, Ricci et al. (2004) excluded the action of reconnection as the bifurcation trigger, but privileged the role of current aligned instabilities like the lower-hybrid drift instability or the Kelvin-Helmholtz instability.
Finally, a key point of this paper is to emphasize the fact that it is possible to construct an infinity of kinetic equilibria from modified Maxwellian distribution functions. Specializing these functions for a particular situation (i.e. auroral density cavity, Harris sheet, BCS) provides kinetic models of the studied region. These models then constitute solid ground from which further work can be lead. In the case of BCS, we list below some suggestions on the way to use the model:
• Initial conditions for particle simulation: starting a PIC simulation is not trivial if one wants to be sure to initialize the code with a strict equilibrium (on which perturbations are then added). We presented here a way to initialize the distributions functions kinetically.
• The stability of the BCS can be investigated using MHD or PIC code.
Indeed as the origins of the BCS are still unclear, it is even more difficult to estimate their life time. Structures lasting ∼10-20 min have been observed. • Particle dynamics in these complex structures can also be studied with this model. From a simple ad-hoc model (polynomial B x ) Delcourt et al. (2003) showed that the double-humped structure leads to two successive centrifugal perturbations; this may induce magnetic moment damping for particles that previously experienced enhancement and vice versa.
• Finally, following the work of Fruit et al. (2002a,b) we started investigating the propagation of MHD modes in such structures, exhibiting differences with Harris-like configuration, and comparing with Cluster observations. Using a physical model is essential for a thorough analysis.
Conclusion
Based on Mottez (2003) 's resolution method we present a one-dimensional kinetic model of bifurcated current sheet at equilibrium. With a relevant choice of parameters it is possible to mimic observations of BCS, in particular the low magnetic field valley, the density plateau and the double current peaks occurring where B x ∼ 0.5B lobe . Good agreement with observations regarding typical length scales and orders of magnitude is also obtained. The model may be useful for further studies concerning stability, particle dynamics, and wave propagation. 
